cells that secrete products which react with an antiserum that binds T cell antigen-binding polypeptides. The antiserum (RI1), which was produced by immunization of rabbits with a murine trinitrophenyl-specific suppressor factor, reacts with T cells and their products and with a suppressor T-cell clone but not with B cells or their products. The secretory cells this antiserum detected were found to be unevenly distributed among various organs (spleen, lymph node, and thymus) and, to different degrees, in spleens of various strains of mice. In unimmunized CBA/J mice, approximately 1-3% of spleen cells secreted macromolecules precipitatable by RI. The majority of the secretory cells could be removed by panning with a mixture of Ly 1 and Ly 2 antibodies but not with either antibody alone. This is consistent with the cells having low surface antigen densities as a result of being either "pre-T" cells or mature secretory cells analogous to B-lineage plasma cells. In agreement with the latter possibility was our finding that the secretory activity ofcells detected with antisuppressor factor was comparable to that ofIg-secretory cells as detected with an anti-Ig antiserum. However, higher numbers ofR11+ secretory cells were seen in the immunoglobulin-negative fraction of spleen cells from nude mice, which could be interpreted to favor the first possibility. In either case this study shows that the single-cell assay technique is well suited for the detection and characterization of molecules released by immunoregulatory T cells.
Recent advances in our understanding ofthe nature ofimmune regulation have revealed the existence of immunoregulatory circuits in which a heterogeneous group of T cells participate (1) . By utilizing antisera against alloantigens expressed on cell surfaces (2) to correlate cell surface phenotype with cell function, several different types of regulatory cells have been described (1) . For the regulatory cells to function there must be intercellular channels ofinformation flow, almost certainly mediated by the transfer of macromolecules between the various cell sets and subsets. One important question not yet answered is how these macromolecular signals are delivered to their appropriate cells. It thus becomes important to determine whether biologically active molecules are released or secreted by regulatory T cells and, ifso, how to identify the relevant cells and measure the informational material they are releasing. The use of a technique that obtains this type of information has proved to be extremely helpful in analyzing the factors that induce B cells to develop into cells that secrete antibody. In this regard the hemolytic plaque technique first introduced by Jerne and Nordin (3) has been key.
Several laboratories have been concerned with developing a similar technology for looking at secretory products released by regulatory T cells (4, 5) . Preliminary evidence indicates the feasibility ofthe approach (e.g., see ref. 4) . This report describes a technique for detecting single cells that release macromolecules that react with an antiserum that defines T-cell polypeptides with antigen specifity. In this technique, cells are immobilized in an agarose layer that contains an antiserum specific for the macromolecule ofinterest. When incubated under physiological conditions, individual cells releasing the macromolecule become surrounded by localized immune precipitate that can be detected microscopically (6) .
In the studies reported below we utilized a rabbit antiserum (RI1) prepared against trinitrophenyl-specific T-cell factors purified by hapten affinity that have been shown to suppress the transfer of contact hypersensitivity to picryl chloride (7). Precipitation clusters were observed around certain cells and evidence is given with regard to the type ofcells involved and characteristics of the secreted macromolecules.
MATERIALS AND METHODS
Mice. CBA/J, A/J, SJL/J, MRL/Mp, +/ +, MRL/Mp,lpr/ lpr, and C57BL/6J, bg/bg mice were obtained from The Jackson Laboratory. NZB/NZW mice were obtained from the Pocono Rabbit Farm (Canadensis, PA). BALB/c nu/nu mice were obtained from Sprague-Dawley.
Reagents. RNase A and micrococcal nuclease were obtained from Worthington; DNase I was from Sigma; fluoresceinated avidin and avidin D The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
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Immunology: Cleveland et aL was synthesized according to the procedure of Broker et aL (11) . After recrystallization from isopropanol, the material had a melting point range of 197-200TC. Monoclonal anti-Ly 1 and anti-Ly 2 and affinity-purified GamIg were biotinylated (12) . Viable cells (1-5 X 10), depleted of erythrocytes, were incubated on ice in the presence of 0.2% NaN3 for 15 min with 50 jul of biotinylated antibody, at a final concentration of 25 pug/ ml. Cells were washed once or twice by underlayering with fetal calf serum and centrifuging, and then incubated with fluoresceinated avidin at 50 pug/ml on ice for 10 min. Excess avidin reagent was removed as above and the cells were resuspended in approximately 50 Al of fetal calf serum. Wet mounts of labeled cells were examined by fluorescence microscopy after preparation.
Preparation and Properties of Antifactor Antiserum. A trinitrophenyl-specific factor was generated by the method of Zembala and Asherson (7), modified in a way to yield maximal suppression of immunoglobulin production (13) . Mice received two intravenous injections of 0.5 ml of trinitrobenzenesulfonic acid 3 days apart. Six days after the first injection the mice were skin painted with 5-6% picryl chloride; 1 day later, spleen and lymph nodes from these mice were cultured (1.5 x 10 cells per ml in serum-free RPMI-1640 medium for 48 hr). Antigen-specific material was purified by the addition of culture fluids (100-200 ml) to affinity matrices followed by overnight incubation of the mixture at 40C stirring. The mixtures were then poured onto columns and washed with 5 column volumes of Dulbecco's phosphate-buffered saline (PJNaCl); the columns were then eluted with 0.05 M E-trinitrophenylaminocaproic acid. The eluates were exhaustively dialyzed against PJNaCl.
The purified trinitrophenyl-specific T suppressor factor used for immunization was made in serum-free medium and was a single 68,000-dalton polypeptide chain as judged by gel electrophoresis of "2I-labeled factor. Rabbits were injected with 100 ,g of the factor emulsified in complete Freund's adjuvant; 2 weeks later they were given 100 ,ug subcutaneously in incomplete Freund's adjuvant. Subsequent boosts at intervals of 1-2 months were accomplished with subcutaneous injection of 50-100 ,ug in PJNaCl at pH 7.2. The specificity controls done to establish that the resultant antisera reacted with T cells and their products and not with B cells and their products have been described in detail (14) . Perhaps the most convincing experiments done to establish the T-cell nature of the material with which rabbit antiserum reacted were those (15) done with suppressor T cell clones generated in the laboratory of H. Cantor. The antiserum reacted with all T-cell clones tested with varying intensity anid failed to react with any of the natural killer cell clones being carried in that laboratory.
Panning of Cells. Cells were fractionated by using a panning technique: antibody-coated Petri dishes are used to enrich for cells bearing an antigen reactive with the antibodies on the Petri dish (16, 17) . In some experiments, panning was carried out in the conventional way; Petri dishes (Falcon 1007) were directly coated with 10 ml of monoclonal 53-7.313 (70 ,g/ml), 53-6.72
(70 pAg/ml), or GamIg (100 ,g/ml) affinity-purified antibodies in PJNaCl. Incubation was usually at 4°C overnight. After removal of the antibody solution, the dishes were further incubated for 15 min at room temperature with 1% fetal calf serum in PJNaCl. Agitation was provided by a clinical rotator. Finally, the dishes were washed five times with 10-ml portions of PJ NaCl. Then 2 ml of 10% fetal calf serum in PJNaCl was added to the dish, followed by 1 ml of 10% fetal calf serum containing 2 x 107 spleen cells (>95% viable and free oferythrocytes). The cells were slowly added to the center of the dish to avoid the crowding of cells at the periphery that occurs when 3 ml of cell suspension is added to an empty dish. After incubation at 40C for 40 min, the cells were resuspended by swirling and allowed to resettle on the dish for an additional 30 min. Nonadherent cells were resuspended by gently tilting and swirling the dish and removed by pouring. When purified nonadherent cells were desired, the dishes were further washed twice with 10 ml of 10% fetal calf serum in PjNaCl. Washes were pooled and cells were reconcentrated by centrifugation at 400 x g for 15 min at 40C.
For some experiments, a modified form of the panning technique based on the biotin-avidin interaction was used. Briefly, normal goat serum was precipitated by (NH4)2SO4 at 50% saturation and dialyzed extensively first against saline and then against freshly prepared 0.1 M NaHCO3. This protein was then biotinylated as described above. Dishes were coated with biotinylated NGtyG in PjNaCl (0.1 mg/ml) by incubation at 40C overnight and further incubated with 1% fetal calf serum at room temperature for 15 min, as described above. Avidin D (50 ug/ml) in PjNaCl was then added and the dish was incubated at room temperature for 30 min on a clinical rotator. Excess avidin D was removed by washing five times with 10-ml portions of PJNaCl. Cells (2 x 107 in 1 ml), labeled with biotinylated antibodies and washed twice as for immunofluorescence, were added to a dish containing 2 ml of 10% fetal calf serum as above. The remainder of the procedure was as described above.
Preparation of Cell Suspensions. Spleens, lymph nodes, or thymuses were teased on ice in PJNaCl containing 10% fetal calf serum. Large clumps were removed by settling at 1 x g for 5 min on ice. Small particles and debris were removed from the cell suspension by centrifugation through a fetal calf serum gradient followed by resuspension in ice-cold, low-ionic-strength medium (5% PjNaCV95% 0.308 M sucrose) and passage through a cold cotton wool column, essentially as described by Shortman et aL (18, 19) . Cell suspensions were usually >95% viable (0.2% nigrosine exclusion) and were free of small debris as detected by dark-field microscopy. Single-Cell Secretion Assay. The single-cell secretion assay used in this study has been described (6, 20) . Briefly, spleen cells prepared as above were suspended in a solution containing culture medium, Sea Plaque agarose (0.28%; Marine Colloids), dextran T-70 (20 mg/ml), fetal calf serum (1/10 dilution), and antiserum at an appropriate dilution. The agarose/cell mixture was spread over a 1.2 x 1.2 cm area on the outer grid-bearing surface of a Lux no. 5327 tissue culture flask. After gel formation, the flask was incubated at 370C in 10% C02/90% air for 18 hr. The mixture then was fixed, washed, dried, and examined at x 100 with dark-field illumination. Active cells were surrounded by clusters ofprecipitin particles [cluster-forming cells (CFC)] (Fig. 1) , which could be detected directly by dark-field microscopy without the immunoenzyme technique described earlier (6) . For detection of T cells, Rll was used at a dilution of 1:10 and the cell concentration was 2.5 x 105/ml. Detection of Ig-secreting cells with rabbit anti-mouse K antiserum will be described in detail elsewhere.
RESULTS
In initial experiments, mice were treated to induce suppression (7, 13) . With use of Rll at dilutions up to 1:80 in the single-cell secretion assay, CFC (i.e., R11-CFC) were readily detected among spleen cells. They were also detected among spleen cells from untreated CBA/J mice, in numbers not substantially different. In this initial study we restricted our attention to Rll-CFC found in unimmunized mice. The extent of occurrence of R11-CFC in various strains of mice, all untreated, is shown in Table 1 . Typical R11-CFC are shown in Fig. 1 . The questions now to be addressed concern the nature ofthe molecule(s) being Proc. Nad Acad. Sci. USA 78 (1981) Proc. Natl. Acad. Sci. USA 78 (1981) 7699 secreted (i.e., the specificity of antiserum R11) and the type(s) of secretory cell. Characterization of Antiserum RI. To help confirm the previously reported specificity of the R11 antiserum, we determined ifthe serum was reacting with ubiquitous components ofall cells, such as DNA and RNA. Nucleases, incorporated into the agarose mixture, failed to affect the number of R1I-CFC detected, indicating that the precipitation reaction was not due to putative antinucleic acid activity in the R1l antiserum.
Evidence that-antibodies for other ubiquitous cell components do not lead to detectable precipitin clusters can be inferred from the organ distribution of R11-CFC ( Table 2 ). The large difference between spleen and-thymus or spleen. and lymph nodes argues -against the spurious detection of cells releasing ubiquitous macromolecules. as a result of cell death and lysis.
Among antibodies to nonubiquitous molecules, anti-immunoglobulin antibodies require special consideration as .potential contaminants of R11 because about 0.5% spleen cells in (Table 3) . Additional evidence that R11 does not detect significant numbers of Ig-secreting cells derives from its inability to bind to labeled Ig molecules in a radioimmunoassay and also its failure to stain B cells (14) .
Characterization of the Cells Producing RII-Reactive Products. We attempted to determine the cell surface phenotype of RII-CFC. To do this, plastic dishes were coated with either anti-Ly 1 or anti-Ly 2 monoclonal antibodies and the cell population that did not adhere to the dishes was examined for R11-CFC. Greater than 90% of the original cell population that would bind the anti-Ly reagents adhered to the dishes as determined by indirect immunofluorescence. Essentially all ofthe R11-CFC that could be detected in unfractionated cell populations failed to adhere to the anti-Ly 1 coated dishes (Table 4) . Similarly, R1I-CFC did not adhere to anti-Ly 2 coated plates.
We considered the possibility that the R11-CFC were secretorv T cells that had decreased amounts of cell-surface-expressed Ly antigens or that expressed these antigens in a way which made them functionally inaccessible for the positive selection type of experiments. There is precedent for such a position because B cells can be isolated easily on anti-immunoglobulin-coated plates whereas plasma cells cannot. We tried several other measures with anti-Ly 2 antiserum to enrich for RB1-CFC, including a biotin-avidin indirect system and stimulation of the cells with concanavalin A. None of these techniques allowed us to use the anti-Ly antisera to enrich for R11-CFC. Because Ledbetter et aL (22) , who were the source of the anti-Ly hybridoma lines, have suggested that all Ly 2+ cells also express some Ly 1 antigen, we tried to deplete the R11-CFC by panning simultaneously with anti-Ly 1 and anti-Ly 2 in the biotin-avidin indirect technique. Cells that expressed these two alloantigens would be expected to adhere more firmly to the plates if more of their cell surface receptors were engaged by the antibodies. The data from such an experiment (Table 5) (6) . Because, in these systems, precipitation occurs in antibody excess, the quantity of precipitate around a cell should be approximately proportional to the total amount of antigen released. On this basis, our results suggest that at least some T cells secrete products at a more rapid rate than has previously been recognized. This is consistent with reports (14) that normal sera from CBA/J mice contain approximately 0.5-2 ,ug of material (per ml) expressing antigenic determinants recognized by Rll. Other studies have shown that significantly more of this material can be found in the sera of hyperimmunized mice (unpublished data). The functional role of the secretory cells and their products remains to be determined, but use of anti-T supressor factor to isolate material from the serum has shown that at least some of the circulating material has bioactivity and is immunosuppressive.
(iii) Another surprising finding was the relatively high number of CFC found in the Ig-negative fraction of BALB/c nude spleen cells (7.7%, see Table 3 ). It is now recognized that nude mice have significant numbers of what could be called "immature T cells" or "pre-T cells" (23) . It would be interesting if this high number of secreting "immature/pre-T" cells is a secondary consequence of lack of regulation by more mature T cells. Alternatively, it could be that in normal mice the background secreting T cells are similar to those in nude mice and that the more mature T cells only secrete these products when activated by antigen.
(iv) Another unexpected finding was the difficulty we had in removing the R11-CFC with antisera directed to T-cell surface alloantigens. We found that even when using both an anti-Ly 1 and an anti-Ly 2 for depletion we could still only remove 67% of the CFC. These results could mean that (a) some T-cell CFC express either too little antigen to be removed with antibodies specific for these antigens or (b) when T cells become secreting cells they express cell surface antigens in a way that makes them inaccessible to the antiserum or (c) the binding ofthe cell surface antigens to the T cell's membrane becomes of such low affinity that the antiserum simply removes the molecules from the cells. Whatever the reason, these findings are similar to those with antibody-secreting B cells; as these cells mature to the plasma cell state it becomes increasingly more difficult to isolate them with antisera against cell membrane antigens. Interestingly, the nude mouse has been reported to have a large number of Thy-1+ cells that are only weakly positive and in this regard would resemble the CFC we find in normal mice (23) .
Preliminary studies with the CFC in the lymph nodes of mutant mice which are homozygous for the lpr gene, and thus have markedly increased T lymphocyte proliferation (24) , showed an average of 150-fold more RL1-CFC than did their "normal" counterpart mice (data not shown). This result indicates that the ability to enumerate and study CFC might be useful in evaluating the progression of autoimmune disease in MRL mice and possibly other strains.
In conclusion, we wish to point out that the precipitation technique used in this study is well suited for immunochemical examination of the molecules released by immunoregulatory T cells because the molecules are concentrated into small particles having a high protein concentration by the precipitating antibody, allowing the use ofsecond-step reagents labeled with fluorescent or enzyme markers. In future studies using other types of antisera this technique should make it feasible to detect the presence of antigen-binding sites, idiotypic determinants, and antigenic determinants associated with peptides encoded by the constant portion of various forms of secreted antigen-specific T-cell molecules as well as T-cell-expressed major histocompatibility complex gene products. These studies were funded by the American Cancer Society (Grant and the National Institutes of Health (Grants AI-06862, Al-17949, CA 14216, and CA 29606).
